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t i on  in commercial vacuum spec t s~n~texs  is, h r ~ ~ e v e r ,  alreadg 

considerable for  the 

and it rapidly becomes prohibitive for eleacnts of ati.U lower 

= 7.1 8. chamcteriratic of silicora, 

atomic number. 

of a further extension of spectroscopy to these and lighter 

Over the last few years difficulties in the wajj 

elements has been t h e  very -l.ow efficiency with w h i c h  eheis: 

dieiracterist3.c x-rays can be exci.ted bjr fluarescencc. 

problems to Be soj,vect have dsabt with dshe kird of crystal 

analyzer and detector tc wnploy. 

spectmmetry are available to difif mct x-rays lonrger than 

ca. 25 R. ; extension to longer citc?velengths has only recent ly  

become f eas i~ le  through the denom tration tha t  multi-layers 

of fatty acid salts, as made many years a g ~  by Lanpu2.r a r ~ l  

Blodgott', diffract these x-rays as :velL as single crystals 

Other 

No czystals suitable fo r  



Wauld be expected to do. Suit&& d e t ~ ~ c l n r s  have ?::esul_%ed 

from finding a window m t e r l a l  t h i n  enmglr to pass very IQ~ICJ 

x-rays while remaining strong enough to ~ u p p o ~ t :  an at31as- 

phere s difference i n  pressure. 

work i n  t h i s  region are in substmtial agrement as to the 

f?erystaltr analyzers and detectors they z~p loy ;  ehe unique 

feature of the instruraent described hede l i es  i n  the wiy its 

dqasacterist ic radiations are produced. The inefficiency 02 

fluorescent excitatian fer the light ele~sws a n  of C~UFSE! 

Be more or leas successfully couxered by using an ~ p l u ~ ~ a l l 2 y  

pow8rful x-ray Pzbe operated at low voleage. A n  exampbe is 

the Henke-type Zube as' manwfactured by Phi.%.ips; it rrcxmaUy 

operates at 1-0 X g p  ~ 5 t h  a power i n p i t  of ea. 3 The winc?ow 

of such a tube is so thin and frzgile 

is  necessary; the equipment for doing 

tube  i tself  and i ts  large stabi l ized power supply, make ,the 

inseal la t ion an expensive one. 

Spectrometers now b u L X  for 

conseanf: ptmping 

togelhas ?!it31 the 

When, several years aga, we began to develop a soft 

x-ray spectrometer, a digferent approach was made to the 

problem of producing a suitable x-ray source. 

03 fluorescent yields,  mzde a t  t he  time 

Measurerneats 

conviixed us t h a t  4 

t h i s  m e  of excitation should be avoided. 

bombardment has the desired efficiency but nsnconductors can- 

not be made the mode of an x-ray tubs that must open?& in a 

Direct electron 



s tab le  fashion. 

s tan t ly  fluctuating cmxent and x-wy output, and many 

samples decompose rapidly under intense electron bombardment. 

It was found', however, t ha t  these difficulties could be 

eliminated by using a rTwindowlessn tube having the specimen 

as secondary target. 

c ient ly  pFoducec\, maj-nly by electrons scattered from the  

primary target [the anode), without tube i n s t ab i l i t y  or a 

disturbing decomposi2ion of the sample. 

The charge they acqaire results i n  a con- 

6 

Its dzaracteristic x-rays G r e  ef f i -  

Such a nindowless tube w i l l  opera-ee with either a hot 

o r  a cold cathode. 

ter, and the apparatus t o  be described is operated In  this 

fashion. There were several reasons for such a choice, A 

generation ago gas tubes were ccmnonly m p l ~ y a d  %or x-ray 

diffract ion because w.mercia1 tubes with the desired targets 

vere not available,  and because, i n  c~ntsrast t o  hot c ~ t h o d e  

demountable tubes, their targets  rrerrzafned remarkably free 

from contamination. 

ly important for spectroscopy. 

of the cold cathode tube for our purposes is the f a c t  that 

only a simple fore pump is  needed ts produce its operating 

pressure of ca, 20 microns, and samples can be cPlangect with 

little loss of tine. Many years ago the senior author' de- 

veloped a gas tube for x-ray di f f rac t ion  which n9w has proved 

Experience has lzd us to prefer the l a b  

This purity of spectral output  i s  equal- 

Another outstanding advantage 

-* 



stable enough for the more exacting daitands of quantt-ltaeive 

spectrometry, 

Two instruments have been b u i l t  around such a tube, 

one using the Philips vacuum spectrometer as a basis ,  the 

other the Phi l ips  curved crystal spectrometer as supplied 

for the electron probe. A brief descziption of the first 

has already been published . 
Each has advantages, and disadvantages. 

s t ruient ,  the  chief disadvantages are the snmU angle 263 

that can be reached and the lack of a duaL crystal holder. 

The vacuum spectrometer meets both objections but i ts  pro- 

portional counter and associated cathode follower w@ p o ~ r l y  

adapted t o  the measurement 06 very k x g  wzivelengths, and 

vacuum problems with the spectrometer itself have made it 

more d i f f i c u l t  t o  maintain a constant ournut through t he  

tube 

8 The second is described here. 

For the la t te r  in- 

The instrument described here (Fig. 1) i s  subs tan t iaay  

t h a t  used i n  a recent survey of long tmvelengt'n b and M 

The tubs (A] differs fmn its diffract ion fore- 

runner only in a changed distribution of entrance and e x i t  

ports  and the addition of a specimen &amber QB). 

undoubtedly be made more up-to-date, notably thruugh the re- 

placement of brass i n  the body and of g.tass i n  tbe cathode 

portion. 

It co*uld 

This has not yet  been done because the performance 



of the old design has been adequate fa" oar purposas. 

The specimen as secondary eargel I s  a compressed pel.= 

l e t  ar metallic slug one inch in dismztcr and of a c~nven- 

i e n t  thickness. 

yields a beam of scattered electmns impinging on a s m 3 2  

area of 1=he sample which can be mved verticaUy while L-nder 

vstsu~yn with a scred (C) to ensure m a a m  peak intencity. 

Previous work has shorn t hg t  the efficiency of charactxr- 

istic x-ray prduc t ion  in a windowless t u b e  is m t  stmr.gly 

dependent on the zaterial of the primsry target (the amde). 

The results illustrated below were obtain& with a target of 

copper; someklhat greatez spectral intensities tlauad have re- 

sulted f r o m  the use of gold, p l a t i m m  QF titaanio.rn. 

The present design of specimen &anibex: 

4 

A constant x-ray output  is of C ~ J . T S ~  sssentiai for  

quant i ta t ive speztmmetsy. Sinca tile exi t t ing zn&e {D 'i' 92 

a gas tube remains c_l,ean, this eonscaricy is at ta in+ if the 

voltage and current ac r s s  it do rorzt- vary. 

t i on  the vide voltage fluctcations 5-n -%e power li.ncs hrtve 

been controlled with a S.3, &de:* Y2%.Y313.22 voltsge stahil- 

izing transformer. R sa t i s fac tc ry  x-ray ournut has heen 

achieved by using a fast =p.m~ii~g systen! and a Gr:ar\ti?Le- 

Phillips Series 213 automatic pressurt? contml les  te, provide 

a steady c u r r a t  thmugh the tube. The vacum l i n e  fmn the 

o i l  pump should be short, strsfght ami of adeqcatc bore; in 

In Q U ~  5.ns?x+Ll+ 



the out f i t  shown i n  Figure 1 it is  2" i n  diemeter. 

Welch Model 1397 oil pump i s  perha?s larger than necessary, 

but w i t h  it both tube and spectrometer are simultaneously 

The 

reduced to operating pressure in less than one minute. 

oxygen or argon is fed to the leak of the controU-er (E) ;zt 

a constant pressure (of ea. 2 abs./sq.in.) chosen so that in 

operetion the valve w i l l  be par t ly  o p n  and tlms able ta res 

act  smoothly to changes i n  tube cumeat. These are detected 

by connecting the co~trol unit of +&e leak across the nilhi-  

ammeter of the high voltage power mpp3p. 

the i n i t i a l  and tesmfral portions aT twces of the p z k  ic- 

tensities of the carbon ( 

#cz lines recorded over a period cf abarr.t one hour. 

demo.mtrate the sl?cort arid long t h e  s t s b i l i t y  of x - r ~ y  spectral 

A i r ,  

FSrj.ure 2 reprobaces 

= 45 8. > a ~ d  aluminum ( = 8 . 3  8.3 
ZZaey 

output routinely obtzined with tkis  ex^ criinental arrr;"npmenl. 

The efficiency of characteristic x-ray exci ta t io:~ is 

such that power through the tube is nomLaUy less than 200 

watts. For long wavelength excitatj-on the voltage should not 

exceed 20 W and hence only a modest airid inexpelnsive szleniwn 

rect i f ied power supply is required. 

employs one manufactured by Universal Voltroxlics Corporation. 

The small power consumption means that the k d y  and target of 

the tube are easily water-cooled and that heat developed in 

the high voltzge cathode (F) I s  zdeqtxately dissipated by 

The apparatus of Figure 1 



bkwing (GI a maU current of air agaimt its f ins .  

cooling of the specimen chamber is neeted. 

HQ 

In windowless tube operation it is essential pze- 

vent any scattered dectrons from reaching the detector (HI 

whose very thin window i s  as transparent t o  them as t o  the 

x-rays. 

between it an8 the tube: a vLdc slit l ined.  with P,lr,ico :nc~rets;  

a narrower slit of the  same mgnets (1) rmmted i n  fmm: of 

the comter 9dndotJ exc3.udcs the fm9 thzt escap this ffmt 

trap. 

in our spectra. 

Most are‘ cxc-lcdcd $rat the spectrcmetcr by p h c i n s  

Both are needed to establish the low background sham 

W i t h  the quadrant specximeter the  dlf fracting crystzl 

( J f )  can be used either f la t  o r  curved. Curving enhances C1-x 

spectral Lntensitles r&.th stema3? pseudocsystals a 3 t;e9.9 as 

with m i c a  but adequate i n t ens i t i e s  are obtained ~Ji thout  CU’iX- 

ii-ig. A @der choice ~f crystzls is possible if f l a t  ones m e  

used and they are more quickly exdlanpd; for these reasons 

we routinely use all our crystals f l a t .  

elements Si, AI., Mg and Na we prefer p t i i s s l w .  acid j$thala%c 

(;@a) to mica sines its peaks are Both 20re intense an6 fax-ther 

a-yrt. 

spectrometer lead stearate pseudocsystals must be US& 20 

measure wavelengths longer a a n  tjiose 0% Na ( A -  10 8.1. 

For analysis 0% the 

Because of the mli angular reach of the q!J.adrCilt 

It has not been difficult t o  prqare sui table  stearale 



multi-tayers .with a simple n~nml3.y operatsd fnnpuir trwgh, 

though lack of automation makes the pmcess tedious, At 

first we were uncertain about the durability of these pseudo- 

crystals. Their srtr€aces must be kept scrupulously clcm 

without ever being touched and, l l k e  organic crystals used 

as gratings, they gradually suffer radiation damage. They 

are particularly susceptible to electron impact. 

less we hsve used them with success over pmlonged pssl.ode 

Never:Ae- 

and they do r~o t  seem to deteriorate on storage. 

sh~wn i n  th i s  paper were .mde w i t h  a mult i layer  gratifig a t  

The spcctra 

The detector CHI is a flm csurrtes of 3ur own co.mtruc- 

t ion similar t o  thzt employed in tho Fc’nilips probe. AP:er 

ostput ezters orie of the circuit  panels conveni5onaU.y med 

in x-ray spectmscopy. Its window is of stretched p o l ~ ~ m -  

pylene w h i c h  we have fcund rr,udh m x ? e  -2ranspment than the 

tbAmest avai2abJ.e Hyla: and yet sturdy emugh so that ze- 

placement is xxrely required. 

for measurifig sodium a d  heavier elements, but Lorqer wave- 

lengths are better measured if helium rep-ces argon. After 

investigating several coKpositions, we have selected a SO- 50 

helium-methane mixture for mutine use. A colmter fcd u ~ t h  

it at atmospheric pressure functions proportionally f o r  the 

m e  usual P-20 gas is enplsyed 



longest radiation this spectmmeter m n  record with zn h- 

pressed voltage not exceeding 2800 volts. 

The performance of this instrument can be judged from 

the carbon data of Figure 2, obtained from a sample of 

graphite when the paier input was 5 

intensity of ca. 5,800 c/8 thus corresponds to an efficiency 

of 116 c/s/w; higher efficiencies have been obtained v3ie.h 

other pseudogratings. 

aluminum with a stearate grating, the intensity of izs higher 

osder reflections, as S~QWI i n  Figure 2, is  notetcorchy. The 

advantage of windowless tube excitation i s  made apparent by 

the fact that the fluorescent yield from l ight  ele-nents measur- 

ed w i t h  a conventional vacuun spectrometer is  often ~IOICB than 

a hundred times less. 

at 10 KV. This peak 

Though one vould probably never measure 

The unchanging height ob the alamii-tL?nz peak of Fig~re  2 

over a prolonged period shows not only t h a t  the x-ray ouXpi:.t 

of the tube has renained conszant but t ha t  there has not been 

any massive contamination of the specimen. 

portant to make similar measurements on weak peaks t o  find 

out i f  there has been even a slight contamination or altera- 

t ion i n  the specimen. 

ing samples since :hey would be expected to be most eas i ly  

damaged by the electron bean. 

is  present i n  a stable form, a s  for instance a carbonate 

It has Seen h- 

This has been done with carbon-contain- 

We have found that i f  carbon 



mineralizing a fossil bone, there will be no pcrcqt ibbe  

change in height of the carbon peak during an hour of ir- 

radiation; on the contrary, the measured mount of oxidiz- 

able carbon, such as the  organic residue i n  a fossil or  the 

carbon i n  a steel, may very gradually (see Figs. 3 and 4 )  

diminish on prolonged i r radiat ion provided oxygen has been 

fed i n to  %he tube. 

i n  carbon d e v e l ~ p s  a darkened spot preswably due t~ reduce 

t i on  by the bombarding electrons. 

psoduced will not escape from the specimen, it is sometimes 

preferable to use arpn. 

When argon is enployxi, a sample rid, 

Since any carbon thus 

The typical spectral  data that fol3.m~ illustrate re- 

sults obtained when using Chis spectroneter t~ measure l i g h t  

elernents present in large or mall mounts  i n  pure compounds, 

steels, rocks and fossils. 

The carbon peak of Ficpre 3, from c? pressed sample of 

ethylene d i n i t r i h  1 t e t raace t ic  acid, EDTA, i s  typical of 

those given by compounds rich i n  carbn;  its continuing un-- 

altered heigh's ( l e f t  portion of the  figure^ demonstrates the 

val idi ty  of the measurement. 

intense carbon and nearby second order peaks of iron re- 

produced i n  Figure 4; we have found it convenient t o  employ 

this iron peak as a b u i l t - i n  i n t e m a l  standard for evaluating 

tlze carbon. 

A carbon steel gave ehe less 

Another example of the spectra provided by 



Bow-ciarbon samples i s  shown i n  F i g m e  5; i n  work wit31 such 

a fossil. bone, overwhebming3.y apatite i n  canposition, the 

first oder oxygen BD peak, at the zxight, supplies the in- 

te3Pnab standard. 
/- 

Though it is  evident P m  the last two 

without difficulty, special pseaut iens  must be taken if 

Be avoided. 

The greater sensit ivity that can be attained ky employ- 



specimen, measured i n  the conventional vacuum spectmmeter 

equipped with an EDDE crystal, gave a s i l i con  peak height 

of 19 e/s/lOCR# (instead of 1460 c/s/lOOw>. 

canparable peak values were 352 c/s/lOBrs (see Tablle) and 

4 c/s/lOoW. The phosphorus and capbon peaks of Figure  7 

were supplied by the lpzws~ard phospho-lipid residue extracted 

fm a fossil Bone. They Caea~ly dammmcite the organic 

For aluminum the 



Peak Intensities fmrn Dscan Trap 

&I 6.51 84 40 82 

K Q. 65 48 3.6 28 

si 23.23 1466 480 $70 

Wa. 6.62 352 m.4 208 

Mg 3.40 100 32 52 

Ha 1. $0 3 5  14 p _  
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Lageds for Figures 

Ngwe 1. A pho-ph of the windowless soft x-ray s w -  

tmnetelc. Lettered parts are identified i n  the text. 

Figure 2. A tdme-vs.-interwiQr plot  of the peak heights of the 

carbon )Qr andl alumiruam l@ (6th onler) reflections 

with 50 watts .through the x-my tube. The plot for 

the full hour was too long 20s reproduction but the 

omitted portions were irdistinguishab3.e f m m  those 

shown; the heights did nat change rneasmbly. 

Figure 3. To the right, the recorded carbon peak from a am- 

pressed sample of EDTA, and to ithe Xeft, a tbe-vs.- 

intensity plat of t h i s  peak. 'Tube power = 58 watts 

(5 m, 10 W ) ,  

Figure 4. me carbon ami F'e Ux (2nd orchr) peaks fpom a small 

(0.5 in& tiimt6tes) Sp@Clrnen of hi* carbon steel. 

%"he surface was fmsh.ly s x p x d  by +ding a thin cut 

on the Lathe w t t h  a cleaned tool, witbut subsequent 

polishing. 
me carbon ard oxygen peaks bran a slab of fossil 

h n e  and, on the left, a t h o  plo t  of the carbon 

pa& height. 

peak shows that neither wm the carbon of the 

specimen burned  no^ was a detectable deposit formed 

during the imdiation.  

Tube paue~p = 50 watts. 

Figure 5. 

The unchanging height of this small 

Tube power = 50 mtts. 



c 

, 

Figrare 6. Peaks for s i l icon,  almimn, magnesium and sodim 

recorded frm a powdered sample 0% igneous mck 

(B,S.#4985). Note the relatively low h & p u n d s .  

Tube power = SO mws, 

Figure 7 .  The phosphorus (NAP crystal) and carbon [steiwtte 

pseudocrystal) peaks fm a d l ~ L &  methyl cMorfde 

solution of a fossil residue. Weight of initial  

fossil sample = 1 9pn. Tube opemted at 5 MA, 1% W e  
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